ing doses above these thresholds and ignoring lower doses that may be clinically irrelevant.
The International Commission on Radiation Units & Measurements (ICRU) has recently published Report 91, "Prescribing, recording, and reporting of stereotactic treatments with small photon beams," in which the importance of the dose falloff is highlighted: "This [dose falloff] could be represented again by the volume of a specified isodose (e.g., V 12 Gy -volume receiving dose larger than or equal to 12 Gy) but, despite the simplicity and biologic rationale, this has not gained widespread acceptance because it does not lend itself to comparing or summarizing plan quality between targets of different sizes treated to different doses." 15 Several indices have been proposed over the years to quantify levels of conformity and/or dose falloff in radiotherapy plans. 10, 25 Some involve cumbersome calculation methods and have proven difficult to routinely incorporate into radiosurgical practice, 28, 32 and some favor dose homogeneity inside the target, 2 a controversial parameter that could be considered inappropriate for radiosurgery given its detrimental effect on dose falloff outside the target. 34 For an index to be adopted, it is important for it to be intuitive, easily calculated, and aligned with the radiosurgery planning philosophy.
The gradient index (GI), 24 defined as the ratio of the volume of half the prescription isodose (PIV50%) to the prescription isodose volume (PIV), has been extensively used over the last decade. The GI usually complements the conformity index 23 to quantify the dose falloff for a plan of a given conformity. It remains the most commonly used metric, serving as a practical volumetric assessment of dose falloff. It was originally proposed that a GI ≤ 3.0 could be achieved and should be aimed for in the treatment of single targets. An empirically derived GI value of 2.4 is near perfect. Upon formulating the GI, the authors identified its limitation in being unsuitable for comparing plans of incongruent conformity. Moreover, while the metric is volumetric and quantifies the overall falloff between two isodose volumes, it does not account for the intermediate doses between the two isodoses.
In order to overcome this limitation, Thomas et al. 30 proposed the use of the area under the curve (AUC) metric, previously used for predicting toxicity in genitourinary and gastrointestinal treatments, 16, 31, 33 as an alternative index for comparative plan evaluation in SRS. The AUC metric is the integral area under the dose-volume histogram (DVH) between the PIV50% and the PIV. This metric provides a useful dose-volume product that quantifies dose falloff outside the target in the region of moderate to high dose, which is arguably more descriptive than the ratio of two isodose volumes. However, this metric suffers from dependence on prescription dose and does not account for conformity (dose spillage). As a result, only the dose outside the PIV is scored, not the dose outside the target itself. This suggests the need for alternative quality metrics for plan optimization that combine the quality of conformity and gradient.
In this paper, we propose a plan quality index that is aligned with the planning principles of radiosurgery and is suitable for assessing both conformity and gradient in a single value, without prioritizing one over the other. We show that this index can be adapted to allow plan quality assessments in multiple-target plans and for OAR sparing. The method of calculation and the range of clinically acceptable plans are presented as proof of principle for the indices proposed.
Methods
Efficiency is classically defined as the ratio of useful output energy over the total input energy used by a system. When applying the concept of efficiency to the quality of a radiosurgery treatment plan, "useful energy" is interpreted as that delivered to the TV. With the approximation that tissue has the density of water, the product of dose and volume equals energy in millijoules. In terms of the total energy used, evidence suggests that lower isodose volumes can be disregarded as they are clinically irrelevant in the prediction of symptomatic radionecrosis. It is, therefore, appropriate to adopt a lower cutoff value above which the efficiency of a treatment plan can be assessed. For continuity with previously used indices, we adopted half of the prescription dose as the threshold dose for the analysis of plans with single targets. For prescription doses of 24 Gy, this half prescription isodose corresponds to the 12-Gy volume.
Efficiency Index in Clinical SRS Plans
Based on the principles described above, a novel metric, the efficiency index (h 50% ), is proposed to overcome the limitations of previously used indices. The index is calculated as the ratio of the integral dose of TV to the integral dose of PIV50%:
, [1] where D min is the minimum dose to the target, D max is the maximum dose to the target, TV is the target volume, and PIV50% is the volume occupied by 50% of the prescription dose.
In order to calculate h 50% for a single-target treatment plan, one needs to calculate the integral dose to the TV and the integral dose of PIV50%. The simplest method for doing this is to multiply the volume of the structure by the mean dose to the structure as shown in equation 2:
Integral Dose TV = Mean Dose TV × Volume TV .
[2]
A graphic representation of the proposed index for a single-target treatment plan is shown in Fig. 1 .
Most treatment planning systems (TPSs) have the option of converting an isodose line volume to a structure, which facilitates the calculation of integral dose and h 50% . When this is not an option (e.g., in Leksell GammaPlan, Elekta AB), h 50% can be calculated by producing two differential DVHs from the TPS: one for the target structure and one for a structure or region encompassing the isodose line of the threshold dose adopted (PIV50%). Each differential DVH is exported in numerical format and used to calculate the AUC within the limits shown in equation 1. The calculated area under the DVH curve of the TV struc-ture is the numerator, and the area under the DVH curve of the PIV50% structure is the denominator. The value generated by equation 1 is the ratio of energy deposited inside the target over the total energy deposited within PIV50%. This value has theoretical limits between 0 and 1, with 1 being the perfect score.
As the dose gradient outside the target becomes steeper, h 50% increases due to a decrease in the denominator value. Moreover, h 50% also increases with improvements in conformity, which increase the numerator value (with improved coverage) and decrease the denominator value (with improved selectivity). Furthermore, an increase in the mean dose deposited within the TV due to hotter areas (regions of high dose) will also be quantified as an increase in h 50% due to an increase in the numerator. Finally, volumes are proportionally weighted by the dose received because energy is volume multiplied by dose. Effectively, the efficiency index (h 50% ) is a single value that quantifies plan quality and accounts for conformity, gradient, and a high mean dose to the target.
In order to investigate the variation of h 50% with variations in conventional plan quality, the value of h 50% was retrospectively calculated for 100 clinical intracranial radiosurgery treatments planned on Leksell GammaPlan. These plans were for a range of indications and prescription doses with a TV range of 0.1-13.2 cm 3 with a mean value of 2.8 cm 3 . The calculated h 50% values were compared to the commonly used Paddick conformity index (PCI) and GI. The tested hypothesis was that gradient and conformity improvements would correlate with an increase in the value of h 50% .
Efficiency Index in Multiple-Target Plans
The new index was adapted to quantify plan quality in cases with multiple targets that were close to each other. Such situations are becoming more common in radiosurgery as the modality is replacing whole-brain radiotherapy for the management of metastatic brain disease. 18 Quantifying dose falloff in multiple-target treatment plans can be challenging due to potential bridging of the PIV50% for nearby targets, which can void the calculation of GI values. In order to overcome this limitation, the global efficiency index (Gh) is proposed to express the sum of energies deposited in the targets as a percentage of the total energy deposited in the patient. As previously mentioned, it is appropriate to apply a cutoff threshold value above which the index is calculated. As prescription isodoses may differ between targets of the same treatment plan, the 12-Gy cutoff value is considered more appropriate than the PIV50%. Equation 3 is the formula for calculating the Gh 12Gy for a plan with two targets:
.
[3]
In order to demonstrate the value of Gh 12Gy , five clinical treatment plans with multiple targets in which the calculation of GI was not possible were selected retrospectively and analyzed. The tested hypothesis was that the calculation of Gh 12Gy is possible even in complex conditions in which the GI cannot be calculated.
Efficiency Index for OARs
The same concept of integral dose ratios can be adopted to quantify the efficiency in sparing OARs that are close to the target. Unlike h 50% , which quantifies efficiency in treating the target and where a high score is desirable, the OAR efficiency index (OARh 50% ) quantifies efficient sparing of the OAR and preferably has a low score. Equation 4 shows the formula:
. [4] It is possible to calculate OARh 50% for any delineated structure. When multiple surrounding structures are delineated, the calculated OARh 50% values can be used as a guide for preferentially sparing radiosensitive surround-
FIG. 1. Graphic representation of the proposed efficiency index (EI;
h 50% ) for a single-target treatment plan. The graph (upper) shows two cumulative DVHs calculated for the plan shown (lower). The red DVH is for the target, and the green DVH is for a larger area that encompasses the target and doses above 9 Gy. The blue area indicates regions below the threshold value of 50% of the prescription dose (outside the PIV50%; 9 Gy in this scenario), which are excluded from the calculation of the index. The yellow line indicates the dose prescribed to the target (18 Gy). Region A represents areas where the prescription isodose spills into surrounding brain, and Region B represents areas of undercoverage by the prescription isodose. The same color scheme is used in the triplanar view shown in the plan (lower) in order to match the areas of the DVHs with areas in the treatment plan. The area under the green curve is equal to the integral dose TV , and the area under the red curve is equal to integral dose PIV50% . Their ratio is equal to h 50% (equation 1).
ing tissue at the expense of spilling into radio-tolerant surrounding tissue. In order to investigate the potential of OARh 50% for such plan optimizations, a treatment plan for vestibular schwannoma was retrospectively used to contour five surrounding structures and calculate their OARh 50% values. The five structures contoured were the cerebellum, brainstem, bone, temporal lobe, and cerebrospinal fluid (CSF). These five structures were contoured in such a way that they did not overlap, ensuring that all voxels within the PIV50% were included in a structure. The tested hypothesis was that calculation of OARh 50% values is possible and that, when summed together with the value of h 50% , they add up to 100%, effectively describing the distribution of dose to different structures.
Results

Efficiency Index in Clinical SRS Plans
The h 50% value for the 100 clinical SRS plans ranged from 37.7% to 58.0% with a mean value of 49.0%. The results are plotted against the GI in Fig. 2 upper and PCI in Fig. 2 lower. Scores below 40% (37.7%-39.6%) were seen only in small and complex targets (0.1-1.0 cm 3 ) in which lower levels of conformity and/or gradient were achieved. However, for less complex targets of the same volume range, much higher scores were achieved (40.2%-56.0%). Scores above 56% (56.2%-58.0%) were seen in plans with higher levels of conformity and gradient for a larger target volume range (2.3-5.2 cm 3 ), although the scores for the five largest targets in the series (9.5-13.5 cm 3 ) ranged from 48.9% to 55.6%.
Efficiency Index in Multiple-Target Plans
The treatment details and calculated Gh 12Gy values for the five treatment plans analyzed are shown in Table 1 . The Gh 12Gy values ranged from 44.0% to 51.2%. Threedimensional image sections for case 5 are shown in Fig. 3 .
Efficiency Index for OARs
The plan for the selected vestibular schwannoma case shown in Fig. 4 yielded an h 50% value of 50.1%. The OARh 50% values for the brainstem, cerebellum, bone, temporal lobe, and CSF were calculated to be 14.9%, 10.1%, 10.0%, 7.9%, and 7.0%, respectively. The sum of all h values was found to be 100.0% with a one decimal place approximation.
Discussion
The proposed efficiency indices (h 50% , Gh 12Gy , and
FIG. 2. Efficiency index values for the 100 single-target plans plotted against GI (upper) and PCI (lower).
OARh 50% ) represent a novel approach in quantifying plan quality that favors internal dose escalation to the target. The most commonly used metrics quantify levels of conformity or gradient, but often the two can be in conflict. For example, high levels of conformity may be achieved at the expense of a poor gradient or vice versa. In such cases, the clinician weighs the risks, favors one objective over the other, and selects an appropriate peripheral dose often with less focus placed on the maximum dose inside the target. Thus, the intra-target dose is not currently a primary consideration in the clinical decision-making process when, arguably, it should be. The proposed efficiency index may have a role to play in plan quality assessments as it combines gradient and conformity into a single value. Moreover, it incorporates internal dose gradient as an optimization criterion that should help increase tumor control probability (TCP) while lowering normal tissue complication probability (NTCP).
Dose homogeneity within the target is a quality that has been traditionally valued in conventional radiation therapy as a large proportion of the planning target volume (PTV) consists of normal tissue. The NTCP increases with increasing hotspots in the irradiated volume (inhomogeneity) as normal tissue is thought to be sensitive to local variations in dose, especially when near the tolerance dose. When radiosurgery was conceived, originally for functional targets, the small 3 × 5-mm collimators used in the Gamma Knife prototype and a prescription dose at the maximum dose point made dose homogeneity irrelevant. A steep dose falloff outside the target was most sacrosanct, and inhomogeneity was an acceptable consequence. This treatment philosophy is more appealing for radiosurgery, where the vast majority of the PTV is tumor. In most cases, where no margin is applied, the PTV consists entirely of tumor.
Another argument used against inhomogeneity is the presence of "cold spots" in the tumor, thought to reduce the TCP, as every tumor cell needs to receive the prescription dose. However, one can avoid under-dosing cells in the radiosurgical target by ensuring high target coverage by the prescription dose. With regard to the presence of hotter areas in the radiosurgical target, it has been argued that they are beneficial as they increase the TCP. 5, 14 In theory, high doses within radiosurgical targets may be considered beneficial for most pathologies treated with SRS. For metastatic disease, high intratumoral doses are directed to central hypoxic areas of radioresistance that may improve the TCP; 1, 3, 8 for benign disease, they increase vascular damage (aiding target shrinkage); and for secreting tumors, they may lead to faster hormone normalization. 13, 26 For vascular targets, they may improve favorable outcomes and possibly reduce the time to obliteration.
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As mentioned, clinical studies have consistently backed up the importance of a steep dose falloff in normal tissue surrounding the target. In order to achieve a steep dose gradient on the edge of the target, a dose gradient on the inside edge of the target is necessary. This creates a dose profile inside the target that is relatively inhomogeneous, which has been shown to improve local control. 4 Recent work has verified that significant improvements in gradient can be achieved by increasing dose inhomogeneity inside the target for various platforms. 21, 22, 24, 29, 34 As a result, the majority of radiosurgery practitioners are aligned with this treatment philosophy, and the indices proposed in this study encourage the use of this philosophy. There may be scenarios in which clinical judgment weighs against higher doses in the radiosurgical target, for example, a cavernous sinus meningioma with cranial nerve involvement. In such scenarios, it may be preferable to reduce dose heterogeneity inside the target at the expense of poorer dose gradients outside, which will reduce the efficiency index score. Nevertheless, the index may still serve as a plan quality descriptor for comparative plan assessment of conformity and gradient, within the constraints of a lower mean and maximum dose in the target. In this paper we quantified the range of h 50% (37.7%-58.0%) for 100 clinical radiosurgery plans and showed correlations to improvements in both conformity and gradient. This allows the index to be used for meaningful comparisons between competing SRS plans. For targets smaller than 1 cm 3 , a slightly lower, but comparable, mean score (46.4%, range 37.7%-56.0%) for the entire population (49.0%) was observed. The achievable scores can vary depending on the volume and complexity of the target, which impact the level of conformity and gradient achieved. Our results suggest that h 50% values of 40.0%-56.0% are routinely achieved in clinically acceptable Gamma Knife radiosurgery treatment plans and should be pursued.
Another two indices were formalized based on the same principles of calculation. The Gh 12Gy can be used in plans with multiple targets to provide a global figure of merit for the entire plan. We demonstrated the use of this index for quantifying the quality of complex plans in which there are overlaps between the PIV50% of nearby targets. Optimization of this index can help to lower bridging doses and increase the mean dose to all targets. Finally, OARh 50% can provide an energy ratio value for any surrounding contoured structure. These values have the potential to be used as optimization criteria for lowering integral doses to OAR and preferentially sparing radiosensitive surrounding tissue over radio-tolerant tissue. Several studies have shown correlations between complications and dose-volume relationships in OARs. 7, 12, 19 This suggests that the concept of a maximum point dose to a serial OAR is an oversimplification of its tolerance. This index favors the reduction of the dose-volume product in OARs and may help to reduce treatment complications.
As with all indices, there are limitations in the use of the proposed metrics that must be noted. If a target is severely under-covered and a large amount of the PIV50% falls inside the target, the calculation of h 50% may yield values higher than the quantified range presented in this paper. It is, therefore, advised to calculate the index when clinically acceptable target coverage is achieved, i.e., ≥ 95%. In the case of multiple targets and the calculation of Gh 12Gy , the cutoff threshold of 12 Gy was selected to align the calculation with the published evidence showing a correlation with the risk of radionecrosis. 6, 11, 17, 20 A different threshold can be chosen, but that will have an impact on the index's value. Similarly, prescribing a different dose will also affect the value. Thus, for plan comparisons to be meaningful, it is essential that competing plans use the same prescription doses and threshold values. With regard to OARh 50% , it is possible for a structure at risk to be outside the PIV50% but still receive a critical dose. For example, in the vestibular schwannoma case featured in Fig.  4 , the cochlea falls outside the 6-Gy isodose line but may still require evaluation.
The proposed indices are not intended to replace current plan assessments, but rather to complement them and provide a means for improving plan quality, especially in an inverse planner setting where the index scores can be used as optimization criteria.
Conclusions
The dosimetrical concept of radiosurgery has always been to maximize dose to the target and minimize dose to normal tissue. The ability of SRS to produce such excellent results is attributable to this paradigm. A novel efficiency index, h 50% , has been proposed, which represents the intuitive ratio of useful energy to total energy. It is a volumetric approach that takes into account multiple dose levels and is more descriptive than the currently available tools for assessing radiosurgical plan quality. This index combines the qualities of conformity, gradient, and a high mean dose to the target into a single value. The proposed index excels whenever there is a compromise between these values, enabling the planner to quantify the relative proportion of the dose "doing good" versus that "doing harm." It also favors internal dose escalation to the target, and its adaptations show potential for use in multiple-target plans and planning optimization for sparing OARs. Finally, the indices presented in this study may be transferable to other forms of ablative therapy, such as high-intensity focused ultrasound and laser interstitial thermal therapy. Further work will involve studies to verify the correlation between clinical results and this proof of concept.
